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I INTRODUCTION

The exposure of an otbiting spacecraft to exoatmospheric
nuclear x radiation results in photoelectron emission from all
1r1radiated surfaces. This pulsed election emission is the driving
mechanism for system generated electromagnetic pulse {SGEMP) ef-
fects which could cause unacceptable electronic problems in a
spacecraft. In order to analyze and predict SGEMP r1esponses, it
is necessary to know the enerqgy ‘'istribution and the yield of the
emitted photoelectrons. lhis report gives the results of a set
of studies to characterize photoemission from materials used on
satellites and/or during SGEMP experiments. These studies in-

cluded the use of both pulsed and steady-state x radiation.

The interaction of x radiation with material generates photo-
electrons, Auger electrons and Compton elections, all rteferred to
here as primary electrons, that have energies extending from tho
incident x-ray eneirgies down to nearly zeto. These primary elec-
trons then produce in the material secondary elections with ener-
gies averaqing only a few eV. For the irradiation intensities of
interest to system 1esponses, space-charge effects are expected
to limit the emission of low-energy electrons. However, when
satellites are highly charged by the ambhient electrons in space,
the SGEMP responses could be enhanced significantly by the
secondary-electron emission. Therefore, the present studies were
directed at identifying the characteristics of both ptimary and
secondary electrons. lhe characteristics of photoelection emis-
sion include the yield (number of electrons per incident photon),

the energy distribution of these elections and the angular distri-

bution.




lhete are many programs ditected al developing means to
predict SGEMP responses. One of these, denoted the SKYNET series,
has used the intense pulsed radiation generated by the OWL II'
exploding-wite plasma tadiation source (PRS) at Physics Interna-
tional Company {(PI). 1o obtain the photoelectron spectral yields
needed for the analysis of these 1esults, one could measure the
x-1ray spectral intensity and apply an empitical/theoretical photo-

. . 1,2
emission computer code.

Unfortunately, besides the uncertainties
inhertent in the x-ray measutements themselves, there have been sub-
stantial uncertainties in the characterizalion of surface materials
and in the accuracy of available computer codes, especially at low
photon energies. Therefore, a magnetic photoelectiron spectiometen
system (PESS) was designed and developed Lo give ditect measutements
of the photoelevctron spectral yields generated by the PRS x radia-
tion incident on materials of interest to these SKYNE1 SGEMP tests.
In addition to the PESS instiument used fot delermining the enerqy
spectra of pulsed photoelection emission, auxilliary instrumenta-
lion was used during these SKYNET experiments. Theimopile calori~
meters were used to measure the x-ray fluence and an artray of x-1ay

diodes (XRD) was used for total photoemission measurements.,

Complementary to the SKYNET pulsed photoelectron measutemenis
wete photoemission studies using low-energy, steady-state mono-
chromatic x r1ays. Such steady-stale studies provided an accurate
data set of photoemission spectral yields as a function of x-rtay
energy from materials of interest. These data can also be used
to verify photoemission computer codes being developed under DNA
contract. The steady-state portion of this program was subdivided
into two experimental parts: a) detetminaltion of primaty and
secandary electron yields and b) determining the energy distiibu-

tion of primary elections.

10




Section Il of this report gives the design considerations and
engineering aspects of the PESS instrumentation plus the auxilliary
equipment used during the pulsed studies. Section III gives the
results of the pulsed measurements with an analysis of the results
in Section IV. The experimental techniques and results of the
steady-state yield measurements are described in Section V while
the steady-state spectral measurements and results are given
in Section VI, Section VII provides a summary of supporting com-
putations by Systems Sciences and Software (SSS) to calibrate the
PESS by determining the effects of space charge and applied electric
fields on electron orbits. A comparison of pulsed and steady-state
results is given in Section VIII along with a comparison of DNA-
supported theoretical yields to the measured values. Conclusions

and recommendations are given in Section IX.
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IT. SKYNET INSTRUMENTATION

The instrumentation required for diagnostic support to the
SKYNET experiments consisted of the following: photoelection spec-
trometer, calorimeters, x-ray diodes, and associaled dala-recoirding

equipment.
A, PHOTOELECTRON SPECTROMETER SYSTEM {PESS)
l. Spectrometer Design:

The primary objective of the SKYNET Diagnostic support was to
develop instrumentation for determining the energy distribution of
photoelection emission generated by the OWL II! exploding-wire x-1ay
spectrum. The transient nature of the x-ray source required that
the emitted photoelectrons be separated accnrding to their energies
and detected simultaneously by an array of detectors having suitable
time resolution. In order to use an array of detectors and have a
good electron-collection efticiency, it was decided to use a magne-

tic field for energy r1esolution rather than an electrostatic field.

The original design goals were to use eight detectors to cover
a factor of twenty in election energy and to have a time 1esolution
of 3 nanosecands. For the OWL I1' x-ray spectrum, the electron
enetqgies of interest were under 5 keV. Thertefore, the required maqg-
netic field for deflecting the elections through 180° could be
much less than 1072 Tesla {100 Gauss). For this range of fields,
it was preferable to use an air-core magnetic solenoid which has
several advantages over the use of a permanent magnet. First of
all, the magnetic field could be varied easily by changing the
curtent flowing thtough the coil. In addition, the geometiy permit-
ted use of a lartger divergence in the electron trajectories. 0Other
advantaqes of the air-core solenoid were: lighter weight, lower

cost, and faster procurement time.

12
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The designed instiument is referred to as the photoelection
spectiometer system (PESS). A cross section of the magnetic spec-
troncter is shown schematically in Figquie 1. X radiation entered
the specttometer thiough a port on the side arm and was incident
onto the photoemitter atl 600 to the surface normal. A fraction
of the emitted photoelectirons passed through a set of defining
apertures into the specliometer chamher. There the axtal magnelic
field provided enerqgy tesolution and quided the elections to a set
of eight electromagnetically-shielded Faraday cups. In an ideal
configquration, the electtons would follow 180° orbits from aper -
ture to cups. However, the constraint of a large enecrqgy range led
to placing the cup array at a lesser angle. Two Faraday cup arrays
were used and the electrons followed orbits averaging 157° o1

168°.

The entrance port on the sidearm of the spectrometer had a
2.5-cm-diameter collimating aperture so that the x radiation was
incident only on the photoemitter face. The shank of the emittier
was undefcut so it was shadowed from the x 1ays while the mounting
flange at the rear was sufficiently temote that photoelections
could not teach the apetture. A set of aperture plates were placed
in the channel to the main chambetr to minimize the number of scat-
tered electrons passing into the chamber, The photoemitter was
originally mounted on a qgrounded support. Subscequent ly, this moun-
ting was changed to a coaxial feedthiough so that the photoemitter
could be biased and/o1r the total photaemission curtent could bhe

monitored. !

A photoqgraph of the spectiometer is shown in Figure 2. The
vacuum chambet and side arm werte constructed of aluminum. A magnet
coil 20 em in diameter by 23 em long was wound nn the eylindrical
chamber leaving a 2 cm gap for the election aperture, the coil
current iH was genetated by an adjustable power supply. For the

spectirometer geomettry and 1anqge nf electiron encrqgies could

iH'
he measuted within the lLimits of 0-15% keV,
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Figure 1 Cross section of magnetic photoelectron spectro-
meter, PESS




figure 2  Photograpbh of magnetic photoelectron spectrometer,
PFSS. Clockwise, components are photoemitter moant o,
chamber, taraday-cup array and a pulse amplifirer
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2. Magnetic-Field Calibratiaon

A Hall probe was used to measute the axial component of the
maqnetic field, BZ, as a function of 1adius at thiee axial
heights 2 = 0 (midplane), 2 and 4 cm. 1lhe t1esulls ate given in
Figure 3. At the center of the coil, the measutred value of 11.7
gauss/ampete aqrees well with a value of 11.85 gauss/ampere calcu-
lated for the coil geometry. The last election aperture was at
9.2 cm from the coil center while the photoemitter surface was
about 14 cm from the axis. In this 1egion, the magnetic field
was an otder-of-magnitude lower than the field inside the chamber.
Thus, we could neglect curvature of the election trajectories be-

tween the emitter and aperture,

Calibration of the magnetic field was confitmed also by sub-
sequent operation of the PESS with the photoemitier biased nega-
tively. In this case, low-energy secondary electrons were accel-
erated and detected in the Faraday cup corresponding to the appio-

prialte energy.
3. Election Detectors

The electron detectors were a set of Faraday cups formed of
sheet brass. These cups wete enclosed and electtomagnetically
isolated from each other by a qgiounded stiructure covered an the
front by a semi-transparent brass screen. The cup dimensions
were 1O mm wide, 10 mm deep and 70 mm hiqgh (patallel to magnetic
field) with a 14.5 mm center-to-center spacing. This depth-to- .
width ratio for each cup minimized election backscatter and a
carbon coating in the form of Aquadaq3 further reduced the

elecltton backscatter.

16
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The election signal from each Fataday cup was transmitted on

a RG-174 coaxial cable to a vacuum feedthrough. Since each cup
would detect only a small fraction of the emitted photoelections,
pulse amplifiers wetre used to increase the signal levels before
transmission on long cables to the r1ecording instiumentation.

Each Faraday cup was ditectly qgrounded through 50 ohms to provide
the proper input for the amplifier. These pulse amplifiers, had
gains measuted to be 28 to 31 dB when driven by a 5S0-ohm source.
The gains of these amplifiers were 1outinely measured at the beqgin-
ning and end of each test series, The frequency response of these
units were within 3 dB from about 20 kHz to better than 600 MHz and

the output noise was less than 2 mV at full bandwidth,

Ctosstalk between the Faraday cups was checked by injecting
a fast-1ising narrow pulse onto one cup and observing the pickup
on adjacenl cups. The electromagnetic isolation was found to be
better than B0 dB, The RF shielding on each cup also attenuated

sufficiently the pickup of fields accompanying the electron pulse.
4. Calibration of PESS i

Calibration factors were needed to determine the election
enerqgy, enetqy 1esolution and electron collection efficiency in
the maqnel ic photoelection spectrometer (PESS). Using the basic
laws nof physics, these calibration factors were derived from the
geomettry of the system, specitically the shapes and positions of
the photoemitter, election aperture and Fataday cups, and from the
magnetic field. From the field plots in Figqute 3, the magnetic
field was considered to be uniform between the aperture and the
cups, while the much weaker field between the photoemitter and the
apetture was assumed to have negligible ef feet on election tirajec-

tories.
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The calculated calibiation faclors for the election enerqy
and enetrgy t1esolution depended pirimarily on the sizes and orien-
tation of the electron apetture and Faraday cups. A secondary
factor was the anqular distribution of election trajectories

thtough the aperture.

The electron aperture was 10 mm wide by 8 mm high and each
Faraday cup was 10 mm wide, Distances, y, from the center of the
aperturte to the centers of the eight cups were: 35, 50, 64, 78,
93, 107, 122 and 136 mm. The energy of an electron is proportional
to the square of its cyclotron radius and to the square of the mag-
netic field. For 180° focusing of elections, the mean enerqy,

EO, of detected electrons is given in teims of the applied magnet
coii current, iB’ and the diametetr of the orbit, y, by the follow-
ing expression,

£, = 3.0 {igy)? ev
whete iH is in ampete and y in cm. The mean election energies
given by this exptession are plotted in Fiqure 4 as a function of
solenoid current for the eight Faraday cups. At any given magnetic
field, the eight cups spanned about a factor of 20 in enerqgy. 0On
the average, the electrons appeared to have energies a few percent
lower than was actual because of several factors: non-180° focus-
ing, divergence of the electtons through the apertute and curvature
of electron trajectories in the magnetic field ahead of aperture.
Some of these effects partially offset one another. These calcu-
lated values of the enerqy calibration factors were in qood agree-
ment with measurements of accelerated secondary elections described

later in the 1eport.
the beveled surface of the photoemitter mounting used for

most of these measurements had dimensions of 19.5 mm wide by 9.5 mm

high, giving an itrtradiated area of 1.81 sz. A tew of the mounted
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emitter materials had slightly larger iriradiated ateas up to 2.0
cmz; a larger emitter of 3.2 vmz was used in 1976 and at the
beginning of the March 1977 series. The distance firom the photo-
emitter to the election aperture was 59 mm so that the apertute
subtended a solid angle of .023 sterradian relative to the photo-
emitter. The qeometty of the photoemitter and aperture resulted in
an anqular distrtibution of election veloclties through the aperture

ranqing up to :l&o.

The etrcrgy spread, AE, of elections collected by ecach Faraday
cup depended on the cup width, aperture width, separation y and
mean elecliton enerqy EO. The angular divergence of the elections
and the location of the Faraday cups (166° o1 156° orbits)
added slightly to AE, but these were neglected since their effect
fell within the experimental accuracy of the measutrtements. Election
scatter off the RF screen in front of the cups could also degrade
the enetqgy tesolution, but did not appeat to be a problem. In gen-
eral, usaqge of a rectanqular apetrture and a rectanqular detector
tesults in a trapezoidal energy distribution for the collected elec-
trons in a magnetic spectirometer. Since the aperture and cup widths
wete all 10 mm 1in PESS, the enerqgy distiribution was trianqular peaked
at EO. However, because of the enerqy dependence on }2, this
trianqular distribution is skewed slightly to higher energies. This
eftect is most pronounced for the cups nearest the aperture, The
full base width of the energy distribution detected by ecach cup was
AE/EO = 2/y with y in em, while the full width at half maximum was

half the base width,

The fraction of the emitted elections which were delected by
the cups depended on three factors: angqulat distribution of the
emitted electrons, the solid angle subtend~d by the aperture, and

the fraction of transmitted electrons collected by the cups, The




anqular distribution of the primary electrons is discussed in
Section IV of this teport and the apetture subtended a solid angle
of 0.023 ster1adian. With regatrd to the last factor, the primary
electrons were assumed to be smoothly distiibuted over the artay
of fFaradny cups. In this case, a collection efficiency of 45% was
obtained from the ratio of cup width to cup spacing {(0.69) and the
transparency of the RF Screen (0.66).

B. CALORIMETRY

The x-ray fluence needed to be measured on every shot, since
the output fiom the source varied greatly. Thermopile calorimeters
were used to measure the x-tay fluences transmitted through standatd
windows onto the photoemitting surfaces. Each unit consisted
of 100 gold-foil calorimeters connected in series to give a much
larger siqgnal than obtained with a single~-foil calorimeter and
therefore a better signal-to-noise ratioc. A photograph of one is
shown in Figure 5. A pair of thermopiles were sometimes used moun-
ted side by side on one diagnostic port to gain increased precision

in the measurements.

The response of these calorimeters had been determined to have
an accuracy of +10%. However, the accuracy of the fluence measuie-
ments was degraded on some shots by excessive electrical noise ot
vatiations in the filter thicknesses. Comparison was also made

with the fluences measured by PI personnel using other calorimeters.

C. X-RAY DIODES

Total photoemission yields were measured using a 7-channel
array of x-ray diodes (XRD), which is shown in Fiqure 6. This
unit had been developed for other DNA programs to study the plasma

radiation from pulsed-power facilities. The use of this instrument
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during the SKYNET experiments had the three goals of determining:
1) time variations in the x-ray flux with a resolution better than
1 nanosecond, 2) time variations in the x-ray spectrum, 3) total

photoemission yields from different materials.
D. EXPERIMENTAL SETUP

The OWL II' exploding-wire facility at Physics International
Company (PI) had a horizontal axis with a cylindrical vacuum cham-
ber. A large number of diagnostic ports on the circumference of the
chamber allowed observation of the radially-emitted plasma radia-
tion. A picture of the facility is shown in Figure 7. Tests per-
formed by P] early in the SKYNET SGEMP program showed that the x-ray
flux was the same at all diagnostic ports. Distances from the

source axis to the various detectors were measured.

The diagnostic ports were provided with special fixtures having
thin sealed x-ray windows to isolate the diagnostic instrumentation
from the plasma environment. A separate vacuum system was used to
pump out all the diagnostic instruments. Because of the long pump-
out lines to the individual ports and the short pumping times (15-
20 minutes), the pressure in the instrumentation was typically 107’

to 10”2 Torr.

The x radiation was normally filtered by two layers of alumin-
ized Kapton, one of which was the sealed window. During any given
series of experiments, the same thickness of Kapton was used o+ all
ports. However, the Kapton obtained for each series had substantial
variations in thickness,ranging fraom 6.9 to 9.5 m (1.00-1.35 mqfrmzx.
This variation in thickness caused less change in transmitted x-rav
hardness than the shot-to-shot variations, In addition to the two
layers of Kapton, the x-rays were sometimes attenuated using fine-
mesh stainless-steel screen to avoid space-charqge effects. A few
measurements were also made using extra layers of Kapton or Mylar

to harden the spectrum.
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tigure 7 Photograph of diagnostic instrumentation mounted on
OWL II' plasma facility
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E. SIGNAL RECORDING

1. Signal Cables

Electrical signals from the eight Faraday cups in the PESS
the photoemitter, seven XRDs and two calorimeters were transmitted
on coaxial cables to the PI OWL II screen room. Because of the
large size and design of this particular screen room, some of the
electrical noise generated by pulsing of the OWL Il facility pene-
trated the recording room and was often observed on low-level
signals. The magnitude of this electrical noise varied widely on

different test series.

The coaxial cables used for these measurements were RG-223 and
RG-214, both of which have double braided shields. It was antici-
pated that several of the PESS signals would be very low in ampli-
tude even after the 30-times amplification. Therefore, the eight
amplifiers and the associated bundle of cables were enclosed in an
aluminum can and a large braided-wire conduit connected to the
screen room. Many of the other coaxial cables were also enclosed

in braided-wire shields to ensure minimal noise pickups.

The length of the RG-223 cables was 45 feet (13.7 meters) so
that the attenuation was 2.2 db at 100 MHz increasing to 4.7 db at
400 MHz. The 15.2 meter RG-214 cables had RG-223 extensions in
the screen room, but the overall attenuation was still substantially

lower than the above values.

2. Recording Instrumentation

The electrical signals were recorded using Tektronix oscil-
loscopes equipped with cameras and Polaroid film. During the
several series of experiments, various oscilloscope models were

used. The fastest recording was on some DNA-provided 7903 units
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which had a bandwidth of 500 MHz. Other models used were R7704,
485, 475, 465 and 454A. These units had bandwidths of 100 to 300

MHz. Under favorable conditions, signals werte 1ecorded wilh time
tesolutions under 3 nanoseconds and a noise level undetr 1 mV,
At other times, when the ambient electiical noilse was high, band-

width limitation was used that slightly integrated the signals., :

On the last series of experiments, a computer-based CAMAC
system was added for additional recording capability. This sys-
tem, developed for use on DNA proqgrams, electionically 1ecorded
the inteqrals of the transient signals and processed the data.

A picture of the CAMAC equipment is shown in Fiqute 8. In addi-

tion, the calotimeter signals were recorded and processed.  Since
the numbetr of oscilloscopes was limited, this CAMAC system permit -
ted the simultaneous tecording of all the signals. The PESY and k
XRD signals were 1ecorded simultaneously as much as possible using

"power tees"™ on the signal lines.
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[IT. SKYNET EXPERIMENTS
A. X-RAY SOURCE
The 1esults given in this 1eport were obtained during fout

SKYNET seties of experiments on the PI OWL II' x-1ay soutce, in
Match~April 1977, Auqust 1977, November 1977 and february - March

1979. During these operations, a useful shot was one giving an
acceptable 1adiation output plus a properly-timed trigger pulse.

fFor the four series, the range of listed shot numbers and numbe:

of useful shots were: No. 3602-3679 (64), No. 3903-3966 (56),

No. 4148-4188 (29), and No. 4759-4811 (29). Some of theve useful
shots provided only limited information because of various pioblems,
such as excessive noise on signals or imprtoper vacuum in diagnostic
instrumentation. For completeness, results for a silver emitter,
obtained during a SKYNET test series in 1976, are also included.

Some of the early results and analysis were published.5

The x-1ay source in the PI OWL II' facility was formed from

magnesium-alloy aluminum wirtes and Lhe output spectrum had been
measured by PI personnel duting some eatly series of experiments.
This spectrum consisted of the following components: He~like Al
lines from 1.6 to 2.0 keV, H-like Al lines from 1.7 to 2.3 keV,
He-like recombination continuum above 2.0 keV, H-like 1ecombination
cont inuum above 2.3 keV and magnesium lines fiom 1.3 to 1.9 keV.
Undoubtedly, there was also some hard bremsstrahlung radiation .
extending up to over 100 keV. The predominant lines were the
He-like and H-like Al lines at 1.60 and 1.72 keV, r1espectively,
About half of the recombination radiation was in the 2,.0-2.3 keV
tange although this continuum extended out beyond 4 keV, The ‘
tadiation spectrum transmitted thiough the standard windows nor -

mally corresponded to an effective energy of about 1.8 keV and
could be modeled by assuming 40% at 1.65 keV, 50% at 2.0 keV and
10% at 2.5 keV.




The x-ray spectrum generated by the source was fairly repro-
ducible; the largest variations were in the higher-energy continuum
above 2 keV which ranged from 25 to 35% of the total. 0On the
other hand, the variation in thickness of the Kapton filters used
on different test series resulted in significantly different
x-ray transmission at the lowest x-ray energies. The x-ray
fluence and time history did exhibit large variations over the
course of the experiments; the fluence varied by up to an order of

magnitude and the pulse width varied by over a factor of three.
B. PHOTOEMITTER MATERIALS

During the several test series, a large number of different
emitter materials were mounted in the PESS for measurements of
photoelectron energy spectra and yields. All the materials were
deemed relevant to understanding SGEMP responses. Several of
these materials were supplied by Mission Research Corporation (MRC)
as samples of what was mounted on models used in the SKYNET SGEMP
experiments; these included gold, silver, anodized aluminum, thick
Kapton, thick Teflon, white thermal paint and solar cell covers.
The other samples were selected as representative materials used

in the tests.

The samples were attached onto the beveled surface of the
photoemitter mounting using either small pieces of tape on the
back side or vacuum grease; the method depended on the thickness,
size and flexibility of the materials. Outgassing of the tape
was deemed to be inconsequential compared to that from other

components in the vacuum system,

Two or more samples of some materials were studied to deter-
mine reproducibility of the results. Cleanliness of the irradiated
surfaces was preserved as much as possible. It was found that the
primary yield was not sensitive to surface condition provided any

contamination from handling was wiped off. The following materials
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were studied:

1.

2.

10.

11.

12.

Aluminum foil (Al). Standard (18 m) and heavy-duty
(25 m) Reynolds wrap.

Gold (Au). Two types of samples were used; one was
gold-coated copper-clad PC board from MRC with the
irradiated surface electrically connected to the
mounting and the other sample was gold-coated copper
foil.

Silver (Ag). A coating on PC board obtained from MRC.
Aluminum oxide (A1203). Anodized aluminum sheet
obtained from MRC,.

Copper foil (Cu).

Carbon (C). Two types of samples, graphite shezt
and Aérodag.

Glass (5102). A piece of a microscope slide 1 mm
thick and a piece of microscope slide cover 0.2 mm
thick were used. These glasses are assumed to have
some small but significant percentages of sodium,
potassium and/or calcium in their composit*ions.
Mylar (C, . H_.0,). Thickness of 7 m with the

10874

backside in good electrical contract to the mounting.

\
Kapton (C,,H,,N,0.). Two sample types with

2210 °275
thicknesses of 8 m and 125 m. Backsides of all
samples were aluminized. Since the thin Kapton was
obtained from rolls, there may have been some slight
amount of aluminum on the front face. The thick sample
was from MRC.
Teflon (CFZ). This sample from MRC was 125 m thick
and the backside was coated with silver.
White Thermal Paint. Painted on aluminum foil from can
provided by MRC, it contained an unknown amount of lead.
Solar Cell Cover (Mng). this photoemitter, obtained
from MRC, was 0.3-mm-thick quartz (5102) with an anti-

reflection coating of Mng.
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Samples of aluminum foil were studied on every test series to check
the teproducibility of the PESS, The composition of some materials,
notably dielectrics, wetrte not well known. For instance, the glass
microsocpe slides sutely had some soda, lime or potash added to the
silica. Polymers, such as Mylar and Kapton H, often have proprietary
plasticizers added to the composition. Of course, the aluminum foil
had the notmal oxide layer wilth a thickness of 3-5 nanometers. In
addition, all surfaces probably had a very thin layer of hydio-

cartbon contamination fiom the vacuum system.

All of these photoemitter materials were mounted on a beveled
PESS mount with the surface normal pointed towaird the election
apettute. In addition, a set of data was ohtained with a qgold
emitter 1otated about itts support axis by angles of 600, 90°% and
180°. Data was also taken with an aluminum foil on a hemicylin-

drical form 19 mm long with a radius of 5 mm.

Several of the above materials were used as photocathodes on
the XRDs. These were aluminum foil, 0.2-mm glass, 6-um Mylar, both
thicknesses of Kapton (7 and 125 um), 125-um Teflon, white thermal

paint and the 0.3 mm solar cell cover with its MgF, coating. I'n

2
addition, qraphite was used in the form of Aerodag and the biass

mount ing itself was used.
C. GROUNDED PHOTOEMITTER RESULTS

The energy spectra of emitted primary elections wete deter -
mined from the measurements using a qgrounded photoemitter (no g
applied bias) in the PESS. Data were obtained on several shots
for a given photoemitter material., During these shots, the mag-

net-coil curtrent, was often set at different values to vary

i
B’
the energies of electrons detected by each Faraday cup. This
permitted coverage of a broader range of clectron energies from
0.1 to 5 keV, provided a smoother spectrum, and verificd that all

detector channels had the correct 1esponses,
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Three tepresentative sets of signal traces are shown in
Fiquie 9-11 for photoemitters of qold and aluminums; the collected
electrgns produced negative siqgnals, The noise levels of 1-4 mv
on thqée signals is typical of half the usable shot data. On the
shots’ using a qgold emitteir, as in Fiqute 9, the time histories of
the siqgnals were the same in the 0.6-2.4 keV tange and exhibited
only a slight change in the 1elative peak amplitudes at highet
election energies. At lower election enerqgies below 0.6 keV,
there was a siqnificant smoothing in the structurte of the time-
varying signals. Similatr uniformity in the time histoiry actoss
the electron enerqgy spectium was ohserved for most of the other
photoemitter materials. The latgest time vatriations in the elec-
tion energy spectra wete observed using an aluminum photoemitter,
as shown in Figures 10 and 11. 0On each of many such shots, the -
electrons above 1.4 keV had a significantly different time his- i
tory from that of elections in the 0.7-1.4 keV range. A similan
tesult was observed in the emission from glass---elections collected
on the channel centered at 1.82 keV had a smoother time history

than Lhe elections obseirved on the lower-enerqgy channels.

the PESS data from each shot were used to derive a pholoelec-
tron enerqgy spectium in the following fashion, From measurtements on
the oscilloescope traces, values for the peak cutrent, Ic’ and
ettective pulse width, 1, aof each Faraday cup signal were oblained.
The accutracy of determining effective pulse widths was checked by
digitizing a few traces. In genetral, the pulse widths of all
signals for a qiverr shot were neasly the same; variations were of
the types shown in Fiqures 9-11. The chatrge collecled by each
cup was then q = Iv T with an accuracy ot + 6%, Values for the
collected charges were also obtained durting the last ltest seties
from the integrated siqgnals measuted on Lhe CAMAC system.  XRD

sianals were handled in the same way,
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Figure 9 Photoelectron signals from gold on Shot No. 3621
(grounded emitter). Magnet current was 2.3A and sweep
was 20 nanoseconds per division
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o obtain an enerqgy spectrum from the chairges collected by
the array of Faraday cups, each value of q was divided by the
corresponding value of AE and by the calorimeter siqgnal, W, for
that shot. When applicable, the value of W was really TW where 1
was the transmission of the added screen. Several sets of 1esulting
enerqy spectral data are given in Fiquies 12 to 17 with the spectial
intensity, q/WAE, plotted as a function of the election energy EQ.
All these data were multiplied by a common, aibitirary scale factor
for convenience in compating the telative spectial yields. The

enetqy scale is that given in Section II.A.4. Small adjustments

in the enetqy scale, to account for the actual election trajectories,

ate included in Section IV.A.2, when values for the absolute spec-
tral yields are derived., Most of the individual data points in
these fiqures atre itdentified by shot number. All of the data were
initially plotted in this form to deteimine if thete were consis-
tent displacements bhetween sets of data. It must be emphasized
that valid data for some materials were obtained on only one or
two shots. In those cases, there was less teliability in the nor-
malizations. Scatter and variations in the spectral data arose
from several sources: inaccuracies in measuiring the signal inlen-
sities and pulse widths, inaccuvacies in the x-r1ay fluence, chanqges
in x-tray spectrum from shot to shot, an occasional incorrect set-

ting of the magnetic-coil current, and contamination of the

i
B’
photoemitter surfaces. For clarity in these fiqures, the sizes of
most symbols are laitger than the uncertaintlies in measuring the
collected charges. The largest eti1o1s were in measutring the small

signals at the low and high election encrqgies.

The data from a given set of shots generally exhibited qgood
consistency, such as those shown in Fiqures 12 and 15, 0On the
other hand, data from different test seties sametimes exhibiled
significant differences as shown in Fiquies 13 and 14, In parti-
cular, the aluminum-photoemission data from the three test series

in 1977 showed qood agreement, but the February 1979 data wese
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quite different., Similarly, the November 1977 data for qgold dif-
fered substantially from the Match 1977 1esults. Several possible
explanations for these changes were considered including alteration
of Faraday cup orientation, incorrect values of magnetic field,
contamination of photoemitter surface and chanqges in i1rtadiation
specttum. However, no one single phenomenon could account for all

the obhservations.

Photoemission spectral yields firom gold were also measured
with the emitter mounting rotated about its axis and these 1esults
are shown in Figure 14. With the emitter at 600, the signals
were about haif as larqge consistent with a cos § anqulart distii-
bution. The small signals obsetrved with the emitter r1otated to
90° arose from the finite size of the aperture so there was nol
an exact 90° emission angle. The r1otation angle of the emitte:
was not exact as evidenced by the discrepancy between the two sets
of data obtained with the emitter 1ntated in opposite ditections.
In addition, space-charqe effects probably caused the elections to
diverge slightly. At 180° the very small signals are attributed

to photoemission off the edges of the emitter.

Photoemission from the insulating materials exhibiled almost
the same 1eproducibility in the data as the conductors. The pri-
mary-electron energy spectira emitted from the thin samples of Mylal
and Kapton were neatly the same, as shown in Fiqurie 17. 0On the
other hand, there was substantially more photoemission firom the
thick Kapton at energies below | keV than observed from samples
of thin Kapton. In fact, the spectral yield from the 125-ym-thick
Kaptnon was very similar to that of the thick Teflon. No explana-
tion was found for the anomalous photoemission from this thick

Kapton.
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Photoemission fiom anodized aluminum was similar to that
from aluminum with a reduced spectial yield around the peak.
The primary-electtion emission from the thick and thin sheets of
glass appeared to have the same enerqgy spectrum but the yield

from the thick gqlass was about 40% lower.
D. BIASED PHOTOEMITIER RESULTS

An additional goal was to deteimine the yield of secondary
elections from the various emitters. Tlo detect these low-enetrqgy
electrons, the emitter was biased negatively with respect to the
chamber so the low-energy electrons were accelerated to higher
enerqgies and then were resolved by the magnetic field. These B
biased-emitter measurements also served as an ex erimental energy + 3

calibration of the system. ) A

When the x radiation was filtered by only the normal two
layers of Kapton, the emission of secondary electrons from the

biased emitter was space-charqge limited (s.c.l.). Therefore,

the majority of the data was obtained using one or two layers

of stainless-steel screen, with a transparency of 0.36, to atten-
vate the incident x-ray flux. Applied bias potentials ranqged
trom -320 to -1440 volts and the magnetic field was adjusted so
that the secondary electirons were collected by the second, third
or foutth cup from the aperture. A couple of measurements were
also made with the emitter biased positive lo determine its effect .

on the primaty emission.

Representative selts of signal traces ate shown in Fiqure 18-
21; the x-tay outputs were similar on all these shots. The fitst
two sets for flat gold and aluminum emitters, Figquies 18 and 19,
were obtained with no x-t1ay attenuating screen and the secondary-
electron signals on cup C exhibited extreme space-charge limita-

tion. This is reflected by the signals qoing to zero just when
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E, + V, = -0.25keV

67 pA
div
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267 uA *
div
CUPD E, +V, = 032keV CUP H
27 uA *
d_iv-
———— P
TIME 20 nsec/div
Faiqure TH O Photaelectron signals from flat
volt s Snot No, $632 with IH - 2.
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Eo + Vp = 0.73keV
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PHOTOEMITTER

CUP G E, + Vp = 1.58keV

66 uA

div

CUP D E, + Vo = 0.29keV CUP H E, * Vu = 2.10keV

13uA

div

——
TIME 20 nsec /div

tiqure 19 Photoelectron signals from flat aluminum biased at

-600 volts: Shot No. 3674 with IH - 2.2A
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the primary election emission peaks, When the emitter was aluminum

on a hemicylindirical mounting, the secondary-election signals were
moderately space-charge limited with no attenuating screen (Fiqure

20) and exhibited no limiting with one screen (Figure 21).

The biased-emitter signals had some important features. First
of all, some electrons were detected in the cup cortesponding to a
lower enetgy than the one collecting the secondary elections.,
These elections were assumed to be accelerated secondaries that
were scattered off a gqrounded surface that could be viewed by a
small part of the aperture. For moderate space-charqge limiting of
the secondaries, as at 0.65 keV in Figure 20, the electrons detec-
ted in the lower-enerqgy cup (0.40 keV) had the same time history
as the primaries. In the results shown in Figure 21, the time
history of the secondaries at (.65 keV was the same as the accel-
erated primaries at 1.38 and 1.82 keV., However, the higher-enetqy
electrons detected at 2.37 keV had a different time history and
the electrons at N.97 keV also followed this temporal history.
Such photoemission frem aluminum correlates with other ohserva-

tions such as shown in Fiquires 10 and 11.

Primary-election enetqy specttra werte derived from these dala
in the same way as for the grounded photoemitters. That is, the
ctharqges collected by the highet -energy cups were dividerd by the
apptopiiate values of E and by the product, TW, of screen trans-
mission and calorimeter signal. These values wete plotted against
the sum Ee + V for comparison of the energy spectra with the i
unbiased tesults, Sets of spectral data obtained from a biased

flat qgold emitter are shown in Fiquie 22.

These spectral 1esults are representative of what was observed L
from biased emitters that were conductors on thin insulators. Com-

pared to the grounded-emitter 1esults, the spectial values with
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CUP E E, + Vy = 0.73keV

67 uA
div
cuPB E, + V, = -0.25keV CUP F E, +Vy = 1.17keV
28 A v 117 uA *
div div
curPcC CUP G E, + Va = 1.72keV

HEEEEEN

l.ﬂﬂ!ﬂﬂ'

0 NN El
. *l-=ﬂhﬂ=--5

267 uA * ::

div (llv

CUP D E, + Vu = 0.32keV CUP H E, + Vp - 2.30keV

13pA * OW

div

e
TIME - CUPS C, E : 20nsec/dw

OTHERS : 50 nsec/dw

Figure 20 Photoelectron signals from cylindrical aluminum

biased at -650 volt; Shot No. 4159 with IH - 2.
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PHOTOEMITTER CUP E Ee + Va = 0.73keV i
EIIBEEE P i
ol sl |2 '
0.14 A e 0 I R A R 26 uA
2 4:Inluﬂlﬂaﬁ i
W [l * 4 At ad 0 "’
E-.E’jﬂﬁﬁﬁfm
EEEDEDRNET
cup B E, + V, = -0.25keV CUP F E, + Va = 1.17keV
27 A 26 pA
div div h
cupC CUP G E, + Vp = 1.72keV
267 pA * 13uA
div div ‘
CUPD  E,+V, =0.32keV CUP H E, + Va = 2.30keV
13uA
div
—— P
TIME — CUPS C, E, G : 20 nsec/div
OTHERS : 50 nsec/div
Figqure 21 Photoelectron signals from cylindrical aluminum
biased at -650 volt with x-ray intensity 40% ot that
in Figure 20; Shot No. 4156 with IR - 2.3A
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a negative bias were much lairger at laow electron energies and con-

verqged to the unbiased 1esults in the 1.0 - 1.5 keV 1range, but then
diverqed sometimes at high energies. The enhanced signals at low-
electron enerqgies were caused by a focusing effect of the applied
electric field; that is, the emission tirajectories were deviated
slightly toward the surface normal so that more passed through

the aperture.

The photoemission signals frem thick dielectrics on a biased
mount ing showed some anomolous behavior. In the case of the l-mm-
thick glass, the s.c.l. emission of the secondaties differed from
that of conductors shown in Fiquries [8 and 19. The beqginning of
the signals were the same, t1ising during the initial foot of the
x-1ay pulse and diropping to zeto at peak x-ray intensity. But
then the difference arose. The secondary-election signal from the
qglass temained ncear zero for the remainder of the pulse instead of
increasing to a latge value when the x-1ay intensity was lower.
Such behaviotr was caused by sutface charqging of this thick 1nsula-
tor., For this thickness of glass, the maqgnitude of the emitted
negative charge during the first half of the pulse lefl the sui-
face at least 1000 volts posilive with r1espect to the biased
photoemitter mount. Theretore, there was no accelerating electric

field.

A quite different behavior was observed in the photoemission
from the solar-cell cover. lhe secondary elections were detected
with an averaqge energy only half that of the applied potential.,
Since the volume tesistivity of the 0.3-mm-thick quartz was ex-
tremely high, a possible effect was electiical conductivity thirough
the residual gas in the chamber thereby lowering the surface poten-
tial on the cover glass. o check this hypothesis, five fine wites
were laid aciogss the sutface of the cover qlass and atlached to the
biased mounting. Under these conditions, the average energy of the

secandar elections was incteased to about 85% of the a lrted biras
p




of -970 V. This observation is consistent with the hypothesis, but
it is difficult to explain a steady-state current of sufficient

magnitude through the poor vacuum,

The secondary-electron yield from the thick Kapton (125 um)

was unexpectedly very low. It was several times smaller than the

yields from the thin sheets of Kapton and Mylar that were studied.
This probably resulted from a different surface composition but

surface charging is also a possibility.
E. TIME RESOLUTION

One of the original PESS design goals was a time resolution
of 3 nsec. During the early test series, the time resolution
appeared to be at least this as observed on 100-MHz oscilloscopes
(rise time of 3.5 nsec). To determine the full capability of the
instrument, 500-MHz oscilloscopes with risetimes of 0.8 nsec were
used during the November 1977 test series. Some PESS signals were f
recorded simultaneously using 500-MHz and 100-MHz bandwidths. The ;
higher bandwidth gave only slightly better time resolution as evi-
denced by slightly deeper valleys between closely-spaced peaks on
the signal traces. The slower ocilloscopes recorded the signals
with adequate fidelity, because the risetimes of individual peaks
were only rarely shorter than 5 nsec. In addition, the coaxial

signal cables had more attenuation at higher frequencies.

Two sets of signal traces are reproduced in Fiqures 23 and 24
for shots taken with unbiased and biased aluminum on a cylindrical |
support. The signals from Faraday cups E and F and from two XRD
channels were recorded on 500-MHz oscilloscopes. Several important !
observations were made on these signal traces; signals obtained on
other shots were in agreement., Ffirst of all, the predominant elec-

tron emission around 1 keV (cup £) had the same history as observed

on the XRD filtered by the standard 19- m Kapton. This is evidence
that the PESS did not limit the time resolution of the photoelectron
signals generated by the OWL II' x-ray output.




fiqure 23

cup B Ee = 0.37 keV

cup C E, = 0.60 keV

CUPE E, = 1.27 keV

Xf % e S—

CUP F

.~
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27 pA *
div

TIME ~ CUPS E, F, XRDs : 20 nsec/div
OTHERS : 50 nsec/div

Photoemission signals from unbiased alumioon on hesy -
cylindrical support plus eorresponding taltered abh
signals for Shot Number 4184, Sragnals fram YRDs and
PLSS Cups E and F recorded at 20 nsec/div on 7903
oscilloscopes; other signals recorded at L0 nsec/div
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CupPC

CUP D

27 pA

div

CUP E

27 uA
div

CUP F

Fiqure 24

in

E, +V,=0 CUP G E, + V, = 2.55keV

XRD-3 19um KAPTON

A

XRD -1 160 um MYLAR
- S——

0.4mA
div

TIME — CUPS E, F, XRDs : 20 nsec/div
OTHERS : 50 nsec/div

Phntoemission signals from aluminum emitter birased at
=970 volts plus corresponding filtered XRD signals

for Shot Number 4188. Signals from XRDs and P{SS Cups
f and F recorded at 20 nsec/div aon 7903 ascilloscnpes;
other si1gnals recorded at 50 nsec/div.
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Second, when the x rays were sufficiently attenuated that
secondary emission was not space-charge limited, the secondary
electron emission matched the emission signal around 1 keV. This

can be observed by comparing signals from cups C and E for shot

4188 in above 1.4 keV had a significantly different time history
with less "spikiness" than the lower-energy electrons (compare
signals from cups E and F in Figures 23 and 24). This phenomenon

was already described in the preceeding sections.

The last observation was surprisingly inconsistent with the
XRD signals. As just noted, the higher-energy photoelectrons from
aluminum had peaks greatly reduced in intensity relative to the
broader valley between the peaks. But when the x rays were
filtered by 80 pym and 160 um of Mylar, the opposite trend was
observed. The narrow peaks dominated the filtered XRD signal with
very low amplitudes in the valleys between the spikes. Detailed

analysis of all experimental methods rules out the possibliity

that the variations in observed signals resulted from the instru-
mentation. Such aspects as electron scattering could not affect

the signals over times greater than a few nanoseconds.

f. XRD RESULTS

The photoemission from a variety of materials was studied
during the 1979 test series using the XRD array. Although the
inteqrals of all signals could be recorded on the CAMAC system,
the limited number of oscilloscopes permitted observation of the
time histories of only half the signals on each shot. The empha- -
sis in this set of measurements was on determining the total yield
from each material when the x rays were filtered by the standard
two layers of Kapton. Therefore, very little data was obtained
on the time variations of the x-ray signal as a function of filter

thickness, as described in the preceeding section.
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Besides the Kapton filter, the x radiation was attenuated by
the anode screen plus additional screens on some shots. Anode
screens had a transmission of either 36%, 90%, 97% o1 100% (no
scieen). When minimum x-1ay attenuation was in the line of sight,
the largest signals were slightly space charge limited on some
shots. But this had an insignificant effect on the integrals of
the signals. With the common Kapton filter ahead of all the XRDs,
the time histories of the emission signals from different materials

were essentially the same on a given shot.

Data from different shots were normalized by dividing the
emitted charge by the product TW. The photoemission siqnal from
thick Kapton was less than half that from thin Kaplon just as was

observed for the secondatry electron signal in the PESS.
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IV. ANALYSIS OF SKYNET RESULTS

A, PRIMARY ELECTRONS
1. Integrated Yields

The yield of primary electrons was determined from the energy-
resolved data from each shot by summing the charges collected by the
Faraday cups. This sum was transformed back ta the number of emit-
ted primaries by application of appropriate factors for the angular o
distribution of the emitted electrons, the solid angle subtended
by the aperture between emitter and Faraday cups, and the cup col-
lection efficiency. As already discussed in Section II,A.4, the
solid angle was 0.023 steradians and the collection efficiency was
0.45.

A suitable factor for the anqular distribution rests on the
following assumptions: 1) the yield is independent of x-ray angle
of incidence, 2) the electron enerqy spectrum is independent of
emission angle, and 3) the number of electrons emitted per ste-
radian follows a cos distribution with respect to the surface
normal. The first assumption is valid at the low x-ray energies
encountered in these experiments as verified by previous theore-
tical and experimental results.6 The other two assumptions are
also based on prior theoretical analyses and are consistent with

results given in Section III.C.

In particular, the spectral yield from aluminum foil on a
cylindrical form was the same as from aluminum on the flat surface. -
This is consistent with a cos distribution., It is conceivable
that space-charge effects could cause a slight deviation from the
cos distribution. However, within the accuracy of the measure-
ments, there was no correlation between the derived yield and the
x-ray intensity. On the other hand, as described in Section III.D.,
more primary electrons were collected by the Faraday cups when

the emitter was neqgatively biased.
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All the primary-electron data from the different test series

were intercompared and analyzed for sources of uncertainty. The
resulting "best" values for the yields of primary elections above
100 eV are given in Table 1 along with values for the estimated
uncetrtainties. These uncertainty values include the + 5% inherent
in the calorimeter responses and weie also based on the number of
data shots, the quality of the data, the reproducibility of the
results, and consistency between the results for different mater-

ials.

Some values of primary-election yields were also derived

from measurements of the photoemitter current when the emitter was
at ground potential. In this derivation, it was assumed that the
secondary electrons did not move away firom the surface because of
heavy space charge limitations. Owing to a lack of r1ecording chan-
nels on all but the last test series, limited data were obtained

r for only a few materials. The resulting yields are also listed in
table 1. There is remarkably good agteement between these values
and the Faraday-cup results for most materials--at worst, the values

for white thermal paint differed by a factor of 1.5.

In Section VII, several of these primary-yield values are
comparted with values obtained from steady-state measurtements using

monochromatic radiation.

2. Spectral Yields I

To obtain spectral yields for the primary emission, judqe-
mental best-fit curves were drawn through the spectral data given
in Section III.C. The energy scales were modified slightly to
account for the actual election orbits in the PESS. These curves
were then notmalized to the primary yields given in the preceeding
section. The tesulting spectral yields are given in Figuies 25 :

and 26, It must be noted that the distributions were smoothed by
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v table 1. Primary electron yields, YP’ derived from summation i
® of Faraday-cup currents and from net curients off
g grounded emitters. Values are "best"”" yields from
) five test series. Units are 1013 electrons/ joule. !
‘
. Faraday Cups Emitter
‘.
Aluminum (Al) 2.0 + 0.25 2.2 + 0.5
¢ A1203 1.4 + 0.2 --
’ Gold (Au) 3.2 + 0.4 -~
i Silver (Ag) 2.1 + 0.3 --
- Copper {(Cu) 1.4 + 0.2 1.5 + 0.2
- Graphite (C) 0.30 + 0.08 0.28 + 0.1
A White Thermal Paint 0.90 + 0.12 1.4 + 0.3
E“ Glass (5'102) 1.1 + 0.3 -
; Solat Cell Cover (MgF,) 0.90 + 0.15 1,12 + 0.1
“ Mylat (6 um) 0.43 + 0.07 0.41 + 0.1
Kapton (7 um) 0.55 + 0.1 0.65 + 0.1
Kapton (125 um) 0.90 + 0.18 1.21 + 0.1
Teflon (125 um) 0.95 + 0.18 0.9 + 0.4
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instiumental broadening as well as by the x-r1ay spectrum. The spec-

tral yields of most materials (Au, Al, AJZOB’ C, Ag, white thermal
paint, thin polymers and glass) peaked in the 1ange from 1.3 down
to 0.9 keV. The yields from coppet and the solar cell cover peaked
at lower energies of 0.7 and 0.6 keV while the thick polymers, Tef-

lon and 125-um Kapton, did not have a definife peak. '

In the vicinity of the peak of each spectral yield, the un- :

certainty in the accuracy was about the same as for the integrated
yield given in Table 1. At both lower and higher energies, the
uncertainties were greater. As an example, the estimated uncer-
tainties for aluminum weire: + 60% @ 0.2 kev, + 30% @ 0.5 keV, + 10%
@ 1.0 kevV, + 30% @ 1.8 kev, and + 70% @ 2.5 kev.

The absorption of x rays in a photoemitter generates photo-
electrons and Auger electrons which lose varying fractions of their
energies heforte emission from the surface. The initial energy of ‘
a photoelectrion is equal to the difference between the photon energy,

Ex’ and the approptiate atomic binding energy (absorption edge),

EK, L, M, N Auger electrons have energies characteristics of the
material. Table 2 is a listing of the important photoemitter ele-
ments and the corresponding energies of the relevant absorption
edges, pirincipal Auger electrons and photoelectrions generated by
1.65 and 2.25-keV x 1ays.,

The principal Auger-electron energies aie indicated 1n Figures
25 and 26 and there is a good cortelation between the location of
these energies and the shzapes of the spectial yields. In particular, ~ 1
the Auger energies for Al, Cu and F lie just above the peaks 1n the

specttra from aluminum, copper and the solai-cell cover (MQF2 coated;.
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Energies of absorption edges, Auger

excitation by

electrons and

1.65 and 2.25 keV

Photoelectrons at E

1.65

0.34
1.60

Table 2.
photoelectrons for
X rays. All energies in keV,
Absorption
Element /Z Edge Augel
C 6 K 0.29 0.27
0 8 K 0.53 0.50
F 9 K 0.69 0.64
L3 0.01 --
Mg 12 K 1.31 1.18
L3 0.05 0.04
Al 13 K 1.56 1.39
L3 0.07 0.06
Si 14 K 1.84 1.61
L3 0.10 0.09
Cu 29 L3 0.93 0.92
M 0.06 0.06
Ag 47 M 0.37 0.35
N. 0.01 -
Ag 79 M 2.21 2.02
N 0.33 0.23
0 0.01 --

2.25%




3. lime Resolved Spectia

In the preceeding section, only time-integrated election
enei1qy spectra were detived hecause the integrated x-1ay spectrum
was fairly reproducible while the time history of the x-tray flux
changed substantially from shot to shot. Jlherefore, time-resolved
spectra would have to be tieated separately for each shot. In
addition, the election energy spectra exhibited only small temporal
variations. The notable exception was emission from aluminum plus

a similar observation for glass.

As described in Section III.C and shown in Figuies 10, 11, 23
and 24, the photoemisison from aluminum had significantly different
time histories at different electron enerqgies. The preponderant
electron emission collected on cups covering the 0.5 - 1.4 keV 1anqge
had a common time history with a dominant peak eatly in time followed
by lesser peaks. On the other hand, higher-enerqy elections firom
1.4 to over 2.3 keV had a smoother time variation, peaking later in
time, This hardening of the election energy spectrum was observed
to a much lesser degree in the emission from gold, see Fiqurie 9.
Another important observation to be considered was the extreme
spikiness in the XRD signal when the x rays were filtered by 160 um
of Mylar, as shown in Figures 23 anﬁ\ga. This thickness of Mylar

had a cul-off transmission of 1% at 2.6 keV.

Most of the x-ray fluence was at energies just above the
aluminum K edge at 1.56 keV. Let us consider x-tay energies of
1.65 to 2.25 keV and refer to Table 2. Since the x-1ay absorption
jump ratio at the Al K edge is 11, ten Auger electrons are gene-
rated with energies of 1.39 keV for every election genetated fiom
the L-shell with an energy of 1.6 Lo 2.2 keV., In addition there
will be ten K-shell photoelectrons with energies undet 0.7 keV.

All these energies are upper limils since the elections lose enerqgy
in the material before being emitted at the surface. The o1igin

of electrons detected in the PESS with energies greatetr than 1.4
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keV can be L-shell photoelectrons or K-shell photoelectrons gene-
rated by x rays above 3 keV. The latter possibility is ruled aut
by the XRD observations. In addition, a time-varying x-ray spec-

trum must be consistent with the gold photoemission signals.

The x-ray spectrum consisted of several components as des-
cribed in Section III.A. Therefore the signals observed at
different electron enerqgies were a superposition of photoemission
generated by different x-ray spectral fluxes. The time-varying
electron spectrum can be explained by assuming that the He-like
and H-like plasma emit radiaticn with different time histories;
inherent in this assumption is that the line radiation and con-
tinuum from a given plasma state have the same time variations.
Temporal behaviors, that can explain all the observations, are a
smooth broad pulse for the radiation from the He-like plasma and
sharp spikes for the x-tay emission from the H-like plasma.

The assumed x-1ay spectra, photoelectron spectra and time his-
tories of the two plasma states on a 1epresentative shot are

shown in Figure 27. Under this assumption, the He-like recombin-
ation radiation interacted with Al L-shell electrons and generated
the electron emission above 1.4 keV, while H-like line 1adiation
excited the emission peaks superimposed on the signals below 1.4
keV. The H-like continuum produced very little photoemission

from aluminum, but substantial amounts from the gold because of

its larger absorption cross section above 2.2 keV.
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8. SECONDARY ELECTRONS

1. Method

Since secondary electrons have very low energies (mostly
0-10 eV), only their yields were determined with no attempt at
energy resolution. Values for secondary-electron yields could
be derived from three different measurements: 1) total emission
from biased XRD cathodes, 2) total emission from the biased PESS
emitters, and 3) collection of accelerated secondaries by a Faraday
cup. The first two measurements were used in a straight-forward
manner to obtain secondary-electrons by subtracting the primary-

electron yields in Section IV.A,1 from the total electron yields.

It turned out that the secondary-electron yields extracted
from the third measurement had a large uncertainty because only a
fraction of the emitted electrans were collected. In the analysis
of primary-electron yields, the electrons were assumed to have a
cosine angular distribution when emitted from a grounded emitter.
However, an applied bias potential altered the trajectories of
lower-energy electrons. In particular, for the case of a flat
emitter, the electric field tended to bend the electron trajec-
tories toward the surface normal so that more electrons passsed
through the aperture. As discussed in Section 11[.D, there was a
definite enhancement in the number of low-enerqy primary electrons
detected from a biased emitter, This field-focusing effect was
partially counteracted by space-charge fields that caused the
electrons to diverge. It was already mentioned that there was

space-charge limiting of the secondary emission current, if the «x

radiation was not attenuated.




The combined effects of applied electric field and the large
space-charge fields were very complicated and difficult to analyze
for the actual PESS geometry. Therefore, a sophisticated computa-~
tional analysis was undertaken by Systems, Science and Software
as a subcontract to the overall program. The goals and results of

these calculations are given in Section VII.

In spite of the uncertainty in the fraction of emitted secon-
dary electrons collected by the Faraday cups, this type of measure-
ment did provide supplementary information. These results provided
relative values of secondary-electron yields from different mater-
ials. The spectral-yield data obtained with the emitter biased,
such as shown in Figure 22, showed that the magnitude of low-energy
enhancement depended slightly on the value of the applied poten-
tial. For the bias potentials of -600 to -1000 volts used for most
measurements, the detected number of low-energy primary electrons
was about twice that observed from a grounded emitter at lower

fluxes.

There was a limited amount of data in which the total emis-
sion from the biased emitter could be compared with the collected-
secondary-electron signal. These results showed that the fraction
of secondary electrons passing through the aperture did depend on
the x-ray flux--this fraction decreased at higher fluxes. At lower
fluxes, the number of secondaries detected was twice that expected

for a cosine angular distribution.

Other experimental observations were gleaned using a cylin-
drical aluminum photoemitter. When this emitter was grounded, the
primary-electron spectral yield was the same as that from a flat
aluminum surface. Furthermore, the low-energy primary-electron
emission from the biased cylindrical surface was still enhanced
over that from the grounded emitter. But there was a definite
decrease in the observed secondary yield from the biased cylin-

drisl surface. These observations for a cylindrical emitter are

70

RO Wy




consistent with the field "focusing"”" the electrons in one direc-

tion and "defocusing”" in the other direction.

2. Results

lotal yields of secondary plus primary electrons from various
materials were derived from the XRD and PESS measurements. Since
secondary-electron yields, and thus total yields, are sensitive to
suir face condition and contamination, care was exercised in selecting

the most reliable values. In particular, the total emission firom

aluminum was observed to have the highest total yields when the

sut face was fresh., After being left in the system for many shots,
the yields were 10 to 50% lower. Thus, the fieshness of a sutface
was an important criterion in weighting the various data. 0On the

othet hand, primary-electron yields were not sensitive to this

type of contamination.

tThe resulting "best" values are tabulated in lable 3. Fo1
most materials, thete was 1emarkably qood agreement between the
values obtained in the PESS and in the XRDs. There were substan-
tial differerices in the total yields from the thermal white paint
and thin Mylar. In the case of the white paint, it is not sur-
ptising that the values differed since they were applied differ-
ently to the substrates. As to the Mylar results, the samples
used in the PESS was aluminized on one side and it may have had
some aluminum on the other side. In addition, this sample may
have been contaminated. Although contamination reduced the total
yield from aluminum, it could increase the yield from other mater-

ials.

The biggest discirepancy was the extremely-low total yield
from the solat-cell cover mounted in an XRD. In fact, this value
was even lower than the primary-electron yield measured in the

PESS. A possible explanation is a substantial conductivity
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the low- eneigy electrons.

Material

Aluminum

Gold

Copper

Brass
Graphite
Aerodag

White Paint
Glass

Solar Cell Cover
Mylar (6 um)
Kapton (7 um)

Kapton (125 um)
Teflon (125 um)

thiough the "vacuum", as postulated for
vations in the PESS. In the XRD,

sut face and grounded screen was very small.

1.45
3.8
2.4

0.76
0.9

0.15
0.3
0.6
0.15
0.1
0.3

N

5
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L+ I+ 1+ 1+ 1+ 0+

0.12
0.9

i+ I+

the biased-emitter

the gap between solar-ce

Therefore, mo

quartz so that there was negligible accelerating potential

Table 3. Total photoemission yields in units of 10

measured using pulsed plasma X radiation

PESS

ohser -

11

st

of

the applied potential may have been across the thickness of the

for

13

e/d

Emitter

9.
7.5
5.4




STEADY-STATE YIELD MEASUREMENTS

As a complement to the pulsed measurements desciibed in Sec-
tions II, III and IV, photoemission yields were measured using
steady-state x radiation. The advantages of these measutements
ovelr those using the exploding-wire source were: 1) greater re-
producibility, 2) good vacuum conditions, 3) no space-charge
effects, 4) greater accuracy, 5) use of monochromatic x rays to

determine energy dependences. The experimental arrangement is

A

desciibed followed by the results of the measurements giving total

3
.

and primary electron yields.

P aos

A, EXPERIMENTAL DESIGN

?
';

X-Ray Soutce

The low-energy, steady-state x radiation used for these mea-

<2

surements was generated by a DNA calibration facility operated by

g

Science Applications Incorporated (SAl) in Sunnyvale. This facility
had a Henke-tube source with a coppet anode operated at 16 keV.

The copper-anode output spectirum excited characteristic line 1adia-
tion from eight fluorescers at enerqgies ranging from 1.26 to 5.41
keV. The fluotescent spectira passed alternately through well-
matched paits of Ross filters., A listing of the fluorescer ma-
terials and enerqgies of characteristics lines is given 1n lable 4.
The spectial outputs were measuted using the standard techniques

of a qgas propottional counter and a multichannel analyzer. The
intensity calibration was normally within 2% and the spectral
purtity {(difference between pass and block tilters) was designed

to be better than 99%.




lable 4. Monochiomatic X-ray lines used fo1

steady-state photoemission studies

Fluorescer Energy (keV)
Mg 1.255
Al 1.488
Si 1.742
Cl (Saran) 2.634
Sc 4,125
Ti 4,551
v 4,948
Cr 5.410

Photoemission cutrents were measurted using a Keithley 610C
picoammeter and were displayed on a stiip-chart recorder. The
15 46 10712 A and could be
determined to within 2% of reading plus 5 x 1p-16

measured currents ranged from 3 x 10~

A. The over -

all accuracy of the measurements was judqged to be better than 5%

except where limited by signal strength.




2, Yield Apparatus

lThe yields of primary electrons and pirimary-plus-secondary
] electrons (total) were measured using a t1etarding-potential spec-
titometer. This "birdcage" apparatus, shown schematically in
| Fiquire 28 and by a photoqraph in Fiqure 29, had a highly-trans-
' patent retarding grid surrounding the photoemitter. The parallel-

wite gtid was 97% transparent to electrons and was completely

transparent to the incident x 1ays. A low-z coating of Aetodag
was sptayed on the chamber walls and the grid to reduce electron
backscatter. The photoemittel was a bitruncated citcle (two
patallel sides) with dimensions of 7 by 10 cm; this was just
slightly latger than the pattern of the incident x tays at the

chosen distance from the source.

During the development and testing of the apparatus, it was
necessary to add two features. One was an apertured magnet neat
the x-ray source to serve as an electron trap stopping photoelec-
trons generated in the soulce treqgion. lhe othert was mainltalning
the photoemitter assembly at -31 V with respect to the grounded
walls in otder to inhibit the migration of secondary elections
and low-energy electrons backscat(vled fitom the chamber walls
to the emitter. This was dane by placing an in-line battery
between the photoemitter and the picoammeter. The electrical

teedt hroughs were selected to have negligible leakage cutitents,

The normalized photoemission cutient from an aluminum photo-
cathode irradiated by Si-K x 1a3ays is plotted in Fiquie 30 as a
function of grid-to-emitter potential, VG' At positive potentials,
the signal was conslant providing a clear determination of the total
photoemission. On the basis of some simple computer calculations,
the minimum potential in front of the photoemiter was estimated to

be about 60% of the applied grid bias. For small negative values

! of VG’ the curtent decteased rapidly corresponding to the enerqy

;
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Figure 28 Experimental setup to measure total and primary ,
x-ray photoyields
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distiibution of low-enerqy electrons. At larget biases, a change 1in
VG from -50V to -100V produced only a 3% decrease in the noimalized
current, so there was only a slight uncertainty in the primary emis-
sion current. The electron flow from the giid was measured to be
onfly 2 to 3% of the primaty electron current. Since part of this
emission flowed back to the photoemitter when VG < 0, the net

effect was only a 1% shift. Measurements of the total photoelectric

yield were made with the qrid biased at + 10V with respect to the

photocathode. Primary-election yields were detetmined with the

grid biased at -50V. In this case, it was estimated that all elec- :
trons emitted with kinetic energies under 30 eV were 1eturned to

the photocathode assembly. lhe system was evacuated by a turbo-

molecular pump to a pressure of about 2 x 10'6 lorr.

3. Materials Studied

The photoemitter materials studied under this program wete
aluminum, aluminum oxide, gold, silver, silicon, silicon dioxide,
glass, Mylar and Kapton. Several of these photoemitters were
from the same sources as used in the PESS measurements. The con-

figurations and compositions are listed below.

l. Aluminum foil. Standard 18-um Reynolds wiap.
2. Aluminum oxide. Aluminum foil anodized in 3% solution
of ammonium citrate, applied voltages of 100 and 200V ‘
produced Alzﬂ} thicknesses of 135 nm and 270 nm ‘
(1350 and 2700 angstiom).
3. Gold. Coating on cappet-clad PC board obtained, '
4. Silver. Coating on coppet-clad PC boatrd obtained.
from MRC.
5. Silicon. A 0.5-mm thick sheet cut from a high purity
wafer used by the semiconductor industry.

6. Silicon dioxide. The above sheet of silicon was oxidized

in a furnace to produce an Si0, lay.: with a thickness
of about 200 nm,

2




7. Glass. Four l-mm-thick mictoscope slides mounted side

by side. The composition was not determined, but most
likely contained significant amounts of Na,k0, K_U and/o1

2 2
Ca0 in the SiUz.

8. Mylar. 1lhickness of 6 um, with a nominal composition of ,

C10 H8 04'

9. Kapton. Thickness of 7 pym and 125 ym were studied with [

An Aerodaq was applied to the back.

the thick sample from MRC. Both samples had been aluminized

on theit backsides. |‘

Where appropriate, all surfaces were cleaned with 1eagent-gr1ade

methanol.

Some of the materials were dielectrics, having thicknesses of '
several micrometers o1 more. For these samples, it was important
to determine if surface charging affected the 1esults. T1This effect
was studied experimentally by varying the photon intensity and by
increasing the positive bias on the grid. Analytically, the maxi-
mum sur face potential was estimated from the ratio of the emission
current density to the volume resistivity. In all cases, save the
thick Kapton, charging was negligible. For instance, the thin
Kapton and Mylar charged up to no more than 0.4V, The thick Kapton
sample charqged up to higher potentials estimated to be about 10V.
When the bias potential was incireased from +10V to +300V, the total

emission from this thick Kapton increased by 13%.
B.  YIELD RESULIS !

The measured primary and total electrion yields are tabulated
in Table 5. It is well known that the election yield is propor-
tional to the energy-absorption cross section, i, which has an
inverse power-law dependence on photon enerqy with abrupt increases

I
|

at absorption edges. Accordingly, these yield values are displayed p
!
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Table 5. Primary and total photo-Auger electron yields
3

electron/photon

in units of 10~

E
X

Material

Al
fFoil

A1203

Silver

Silicon

Mylar
(6 um)

Kapton
(7 um)

Kapton
(125 pm)




on logarithmic plots in Fiqures 31, 32 and 33. In the enetqgy 1anges
on either side of absorption edges, most of the data are fit by the
straight lines drawn on these plots. Most of the small deviations
were experimental etrors. Some of this data and its analysis were
published and compared with other results.7 There was genetrally

good agreement.

In the case of gold, the data at 2.64 keV fell in the midst of
the series of M absorption edges and was therefore expected to fall
between the extirapolations of 1esults on either side. Similarly,
the two data for glass at 2.64 keV fell below extrapolations of the
data at higher energies. This can be explained by the presence of
potash or lime which are commonly used in qglass -- the absoip-
tion edges for potassium and calcium are at 3,61 and 4.04 keV, r10¢-

spectively.

A significant deviation from a straight-line fit was found in
the data for aluminum. The primary yield at 2.64 keV definitely
fell below a straight line connecting the value at 1.74 keV and
the values above 4 keV., Several samples of aluminum foil were
measured and the x-1ay output was recalibrated to ensure that this
was not an experimental ertor. It was also found that below the
aluminum K edge, the yields of the aluminum foil and the anodized
aluminum were neatly the same. Such an observation is explained
by the normal oxide layer on aluminum which has a thickness of

about 5 nm.

There were several interesting aspects to the yield 1esultls
from the three polymers. The primary yield from the thick (125 um)
Kapton was slightly less than that from Mylar, while the total yield
of the Kapton sample was greater than that from the Mylar. For com-
parison, the primary yield from graphite deposited as Aerodag was
the same as the Mylar yield while the total 'ield was much larqer,

However, the yields from the thin (7 um) Kapton exhibited unexpected
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behavior. While the primary yield of this thin Kapton was only
slightly larqger than the Mylar yield at the two lowest photon ene-
gies, there was a significant increase at energies above 1.5 keV.
The total yield also had a jump just above 1.5 keV. In addition,
the total yield from this thin Kapton sample did not fall off as

tapidly with photon enetgy as all other materials.

An explanation for this observed photoemission from the thin
Kapton resides in the aluminizing on the other suiface. When the
film was rolled up after being aluminized, very small amounts were
transferred to the uncoated surface. When it is assumed that this
added aluminum (AIZOB) needs only have an averaqe thickness
of 2 nanometers to account for the 30% jump in the primary yield.
It is more difficult to explain the energy dependence of the en-
hanced total emission. Most likely this transferted aluminum
does not form a uniform layer, but is in the form of tiny spots
with dimension of 10-30 nm. In this case, lhe emerging primary
elections will irradiate larger circular spots in the Kapton there-

by increasing the secondary-electron generation.

Values for the secondary electron yield, Ys’ were obtained

by taking the differences between the total and primary electron

yields. Ratios of the secondary and primary yields, Ys/Yp’ are

plotted in Fiqure 34. The larqgest ratios were observed for the
inorganic dielectrics glass and aluminum oxide while the smallest
ratios were found foir silicon, Mylar and the thick Kapton. 1In
general, this ratio fell off with increased photon enerqy. The

exception was the thin Kapton which had some aluminum on the surface.
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VI. SITEADY-STATE SPECTRAL MEASUREMENTS

A second phase of the steady-state studies was to develop
suitable instiumentation and measure the enerqgy spectra of photo-
electrons generated by low-enerqy monochromatic x radiation. lhe
x-1ay source used was the same as described in the previous section

for the steady-state yield measurements.

There are different appioaches to determining the energy dis-
tribution of emitted electrons., One method is to use a high-
voltage retarding qrid, similar in many respects to the set up
used for the yield measurements. However, the geometry of the re-
tarding grid would have been mote complicated than that used to
determine just the primary yield and high voltages would have to
be used. lhe other method is the use of an electrostatic or magne-
tic enerqy analyzer with an electron-counting detector. This latter
method was selecled for the measurements in this program. The mag-

netic spectrometer (PESS) was used with apptopriate modifications.
A, APPARATUS

To determine the photoelectron enerqy spectra, the PESS was
modified by r1eplacing the Faraday-cup array with a channeltron
electron multiplier., A schematic diaqgram of the apparatus is
shown in Fiqure 35 and a photograph of it is in Fiqure 36. lhe
x tadiation was incident on the ].8-cm2 beveled photoemitter and
a small fraction of the emitted electrons passed through the aper-
ture into the magnetic analyzer tegion. Since the transmitted cur-
rent was very small, individual electrons could be counted by the
detector. lhe electron count rate was measured as a function of

electron energy by vatying the magnetic field. As already
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Figure 35 Photoelectron spectrom:ter system used for steady-
state spectral measurements

89




fiqure 36 Photograph of PESS with channeltron
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described for the yield measurements, the net count 1ate corres-

ponding to a given x-ray enerqy was the difference between the

| count rates using pass and block x-ray filters. In this experi-

mental set-up, the electron trap was also needed to stop spurious

electrons that originated at the x-ray source.

The detector used for the initial measurements was a Galileo
Model 4039-EIC channeltron, having an entrance aperture 10 mm in '
diametex.8 For subsequent measurements, a new channeltion, Gal-
ileo Model 4028-EIC/B1l, was ptocured which had a rectangular en-
trance 10 mm wide by 25 mm high (parallel to the magnetic field.)

e i e i ALl N i mne B €

The overall size of this latter detector restricted where it could
be placed in the PESS chamber. Consequently, the electrons tra-
veled orbits averaging only 135° fiom the apetture to the detec-

tor and the energy resolution was slightly dependent on the anqular ;

PURIIPICIN | TNNIHOWYS VT

distribution of the electrons passing through the aperture.

The channeltrons were operated in a standard way with the
outside of the front entrance cone at ground potential and the :
output end at a positive 2.9 or 3.0 kV. Output pulses were trans- 5
mitted on the high-voltage lead connected to a vacuum feed-through.

These pulses were conditioned by a preamplifier-H.V. unit and then

counted. Discriminator settings on the counter were adjusted to

include all electron vounts while rejecting noise. Data for the

enetgy spectra of primary electrons were generated by measuring |
the electron count rate as a function of applied magnet-coil cur- i
rent, IB. To derive spectral yields from the data, calibration ~
factors were needed for the system energy tespaonse (Ee)’ enerqy

resolution (AE), enerqy-dependence of the detector respaonse, geo-

metric collection efficiency of the detector and an assumed anqular

distribution of the emitted elections as discussed in Section IV.A.

f The enerqgy response and resolution of PESS depended on the geo-
£ metric configuration of the channeltion with respect to the elec- D
tron aperturte and upon the magnetic-field calibration. 5
t
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lThe energy response and enetyy resclution of the system were
derived both by calculations and experiment. Ideally, the energy
tresolution, AE, in this fixed geometry should have been a constant
fraction of the average energy, Ee, of the detected electrons.
Electron trajectories in the actual geometry wete calculated con-
sider1ing the possible range of angles determined by the photoemilter
aperture configuration. Experimentally-derived values for the
enerqy response and resolution were gotten by accelerating low-energy
secondary electrons emitted from qold irradiated by 4.12-keV photons.
At a fixed setting of the magnetic field current, the electron count
rate, Ce’ was measured as a function of applied voltage, VA’ on

the photoemitter.

The larqer, 1ectangular-aperture channeltron was calibrated

using five different magnet-coil currents, 1 corresponding to

’
nominal electron energies, Ee' of 0.1 to 2.6BkeV. The vacuum
feedthrough on the PESS photoemitter and the available power sup-
ply limited the applied voltage to undet 3 keV. These sets of
data were normalized through use of the ratio VA/IB2 and are
plotted in Fiqure 37. If the system were perfect, these data

sets should have been independent of IBZ. But two distinct

trends were found as IB was increased: 1) the values of VA/IB2
at peak count rates became larger and 2) the shapes of the plots
became pronouncedly asymmetric. Higher-enerqgy primaty electrons
were also detected as a low-level count rate to the left of the

2
peaks (smaller VA/IB ).

Pertinent aspects of these calibration data are given in
Table 6 in which VN = VA/IBZ. As IB was increased, the widths
of the peaks, V
v

N’ became nartow while the midpeak position,
shifted upward. This narrowing in the plots can be explained

N’
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lable 6. Calibration of PESS with Channeltron detector. i
, = 2
Parameter V, = VA/IB

Iy (A) 0.63 1.20 1.71 2.24 2.66 |
Peak Count Rate (kc/sec) 10.4 12.0 11.8 9.7 9.0 f
Vy @ Midpeak 266 322 346 362 367
BV, @ FWHM 72 67 66 65 64
Vy @ Midpeak (V) 106 464 1013 1819 2597
E, (calculated) 144 523 1061 1821 2568 :
P AV 749 804 779 631 576 ’
Normalized P_aV, 0.93 1.00 0.97 0.78 0.72 4

9%
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by the effect of the applied potential on the photoemitter, as men-
tioned in Section V.B. T1he secondary-electrons were focused

toward the aperture and had a smaller divergence as they passed
thiough, thereby improving th:t resolution. (The computations of
these focused trajectories by SS5S are discussed in Section VII).
The asymmetric slopes in the data peaks at larger values of IB
were explained by the finite size of the detector aperture. FEven
with the field focusing of the election trajectories, the diver-
gence of the electrons along the magnetic field caused them to
extend past the top and bottom of the collecting area. As VA
was incrteased, the orbital radius was larger and there was more

spillover.

One problematic aspect was the shift in VN as IB was in-
creased. Electron energies were calculated for electron otbits
passing through the centers of the apertuire and detector; they
are compared with the applied voltage at peak count i1ates in
Table 6. Thete 1s qgood agreement only at the higher energies.

lo explain the discrepancy at smaller I several effects were

'
considered including: stray magnetic f?vld, finite initial ener-
gies of the secondary elections, asymmetrical qgeometric effects
and focusing effects. All of these effects could account for only
a quarter of the discrepancy. Finally, at the conclusion of all
the spectiral measurements, it was discovered that the positive,
high-voltage lead to the channeltron had insufficient electrical
shi{ldinq. The electric field emanating from this wite caused

the small perturbation in the trajectories at low election ener-

gies.

An energy resolution 1atio, £/ E, can be defined as the 1atio
VN/ VN. In as much as focusing caused VN to decrease at latqgen
VA’ an upper limit on the 1esolution of £, E < 5.1 was obtained
from the ratio of the maximum values of both VN and VN.
for the energy r1esolution was also determined from calculations

A value
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at a

of the range of electron energies intercepted by the detector

given setting; the derived value was E/AE = 5.0 + 0.2.

The response of channeltron detectors has been found to be

dependent on the energy of the incoming electrons” and to be

degraded by an ambient magnetic field.10 A wide range of de-

pendences has been reported, undoubtedly a result of different
channeltron geometiies and measutement techniques. 1o deteirmine

the influence of a magnetic field on the detection efficiency of ‘ !
the 10-mm-diameter channeltron, its response to x radiation was ’
measured as a function of applied field., It was found that the
iesponse dropped off by only 3% at the highest field used for the C
spectral measurements (40 Gauss), although the 1esponse was down

by 25% at a field value of 120 Gauss. Channeltrons have a response
to elections of nearly unity at electron energies of several hun-

dred eV. From the results in Table 6, relative efficiencies of ;
the detector were derived and normalized to a maximum value of 0.98 ;
at 0.5 keV, These values are plotted in Figure 38 along with a { 1

smooth curve that was fit to the data.

B. RESULTS

For these determinations of ptimary-election energy spectra,
the count rate was measured as a function of magnetic-coil current

with the photoemitter grounded. 1lhe midpoint electron energy, Ee’

was calculated from the current, IH’ as given in lable 6. To
derive enerqy spectra, the count trate at each election energy was

divided by AE = Ee/S. The spectral yields were then obtained by

application of several calibration factors and x-1ay intensities

were obtained for the location of the photoemitter. The photoemitter
area, the solid angle subtended by the electron aperture, and the
assumed cosine anqulat dist ibution were all the same as used in the
analysis of pulsed emission. On the basis of geometiy, it was

calculated that the height of the rectanqulair channeltion aperture
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intercepted 81% of the electron trajectories while the citcular-
aperture channel-tron collected 30%. The enerqy-dependent response

of the 1ectangular unit to electrons was that shown in Fiqure 38.

Spectial yields fiom qold were measured at four photon ener-
gies of 1.49, 2.64, 4.12 and 5.41 keV. Aluminum foil was studied
at 1.49, 1.74, 4,12 and 5.41 keV, and aluminum oxide was studied
at 5.41 keV. 1the resulting spectrul yields are presented in
Fiqures 39, 40, and 41. All these displayed emission spectra
were rounded and broadened by the instrumenial broadening. The
number of counts accumulated for each data point ranged from 50
to 20,000 so that statistical fluctuations provided a significant
error on some data. Jn particular, the data obtained for aluminum
at 1.49 and 1.74 were initial tresults using the smaller channel-
tlonll; both the number of data points and count rates were

quite limited.

The energy spectra of emitted elections r1esults from a fold-
ing together of the initial election energies and energy losses
in the emitter, while the measured shapes also r1eflected the in-
strumental broadening. Initial enerqgies of the emitted Auger elec-
trons and photoelections are given in Table 7 for gold, aluminum
and oxygen. If significant carbon contamination werc present, its
Auger peak would be at 0.27 keV. Smooth cuirves were fit through
the data consistent with the appropiiate photoelectiic and Augen
electron energies to maintain consistency between the t1esulls at
different photon energies. At electton energies below 0.5 keV,
the curves were shifted slightly toward lower energies to account
for the small pertuibation caused by the high voltage lead to the
channeltion., The few maverick data points falling well away fiom

the curves are attributed to statistical fluctuations. In all

cases, the spectral yields became very large at low election enerqies

under 0.15 keV. It was not determined if this was a 1eal feature

of the spectra or were scattered elections. Both qgold and aluminum
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Table 7. Predominant erergies of Auger electrons and photo- |
elections from qgold and aluminum foil irradiated |

by monochiomatic X-rays

Auger Election Energies (keV)

Au 0.02 0.04 0.07 0.15 0.24 0.35
1.52 1.77 2.02 2.11 é
Al 0.04 0.07 l.34 1.39 g
0.50
0.27

Averaqe Photoelectron Energies (keV)

Photon Energy (keV)

Element - Shell 1.49 1.74 2.64 4.12 5.41
Au - M - - 0.43 1.9 3.3
- - 0.34 1.8 3.2
Au - N 1.1 1.4 2.3 3.7 5.0
Au - 0 1.4 1.6 2.5 4.0 5.3
Al - K - 0.18 1.08 2.56 3.85
Al - L 1.42 l1.67 2.57 4,05 5.34
- K 0.96 1.21 2.11 3.59 4.88
- L 1.48 1.73 2.63 4.11 5.40
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do have striong Auqer-elebtxon peaks at about 40 and 70 eV. On the
other hand, at very-low magnetic fields, high-energy elections

could hit the chamber wall and be scattered to the detector.

The spectial yields weie integrated to obtain values of pri-
maty-electiron yields which are listed in Table 8. For comparison,
the values deteimined fiom the birdcage steady-state measurements
are also listed. lhese integiated spectial yields are in very good
aqreement considering the unce[taintiei in several of the calibra-
tion factors. Only in the case of AIZO} at 5.41 keV was there
a disciepancy of gieater than 10%. Slightly better agieement would
be achieved if the channeltion response fell off less with election
energy above 2 keV than that shown in Figure 38. That would 1educe

the spectral yields at the higher energies.

~ om—.w!tn.&:&; L SRR W N Y W W O N e

Table 8. Primary-election yields from integrated

H specttal yields at given X-ray energies

; Yields in Units of l()"3 election/photon

: Emitter Ex(keV) PESS Birdcage

! Gold 1.49 11.6 li.1

B 2.64 19.3 21.4
4,12 19.3 19.4

5 5.31 13.8 13.9

£

. Al foil 1.49 2.0" 1.9
1.74 7.5" 7.9
4.12 2.8 2.85
5.41 2.3 2.1

A1203 5.41 1.6 1.28

*
Data obtained with small channeltion
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VII PESS CALIBRATION COMPUTATIONS

In the initial development and usage of the PESS, the photo-
emitter was grounded and the primary elections were assumed to
follow strawight-line tirajectories in the region between the photo-
emitter and the aperture. When the goals were extended to deter-
mine the yield of secondary electrons generated by the pulsed
x radiation, it was trecognized that the oirbits could be greatly
altered by the combined effects of space-charge fields and the

applied potential accelerating the low-energy secondaries.

In ordet to calibrate the 1esponse of the PESS under these
conditions, electron trajectories werte computed by Systems, Science
and Software Incoirporated (555, undert subcontract. The scope of

these computations included modeling the complicated geometiy of

the PESS, developing a suttable computer program, and calculating

the Faraday-cup currents for several sets of experimental parameters.
This computer ptogram had to handle properly the distributions of
election energies and emission angles, the finite area of the emit-

ter, and the time-dependent flusx.

The computer used for the calculations was a CDC 7600 located
at the Ai1 Force Weapons Laboratory. In spite of the high-speed
capabilities of such a computer, the accuracy of the calculations
was limited because of the huge si1ze of the parameter space. Even
with the development of sophisticated weighting factors, 1t was
found that a large number of values were needed to appioximate the
electron velocity distribution, the spatial distribution and time
steps. A large fraction of the effort was devoted to modeling and
comput ing space-charge-limited curirents such as shown in Fiqures
18 and ]9. Considering the complexity of the problem, the computed
s1gnals aqreed very well with the measured curients on a qualita-
tive basis. However, there wete significant quantitative differ-
ences as shown 1n Fiqure 42; the computed current signals were com-

pared with the measured cutrents obtained on Shot No. 3632 shown 1in
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Fiqure 18. lhe bigqgest discrepancy was in the third cup detecting

the accelerated secondaty elections, which was of major interest.

It did not appear feasible to push the computations to a greate:
accutacy without consuming unreasconable amounts of computer time. .
In the meantime, alternate experimental techniques were exploited "

fot determining the secondary election yields.

tThe temainder of the 5SS effort was reditected to analyzing

the influence of the applied potential, V on electron trajec-

y
tories for the case of no space chatrge ef?ects, which was appli-
cable to the steady-state spectial measurements. For these com-
putations, the secondary electrons were assumed to be emitted

with an energy of 5 eV. Jo establish the influence of the applied
electric field, two types of anqular emission were studied: 1) all

electrons emitted normal to the suriface and 2) a cosine distribu-

tion, The fraction of the total emitted electrons passing thiough
the aperture as a function of applied potential is given in Table 9.
At VA = 0 the fraction for notmal emission is just the 1atio of
aperture atea to emitter area, while for cosine emission the frac-

tion is 1/7m times the solid angle subtended by the apertuire. Fo1

notmal emission, the applied fiéld causes the election trajectories

to diverge so that fewer pass through the aperture. But for a

cosine emission, the field focuses the trajectories so a much larger

fraction pass through. The calculations showed a factor of four
increase when VA/Ee = 36. Unfortunately, emitted secondary
electrons have a range of energies fiom 0 to 20 ¢V and it would
be necessary to sum over the enerqy distribution to obtain an !
accurate calibration factor for the PESS. This enerqgy disttiibu- =
tion was not known and was expected to be different for each
material. In another vein, if the anqular distribution of tirans-
mitted electrons were known as a function of position in the aper-
ture, the PESS energy resolution could be calculated. However,
the size of the spatial grid zones was too large to provide an
accutate angular distribution of elections passing thiough the i

apetture, |




Overall, these calculations turned out to be more difficult

than many other types of SGEMP/photoemission computations because

only a small fraction of the emitted electrons were detected., In

LI B

addition, the computations needed to be accurate to 10% since the

experiments were set up to give accuracies better than 20%,

lable 9. Computed fraction of secondary electrons
passing through PESS aperture as a function
of applied potential, VA‘ The initial
electron enerqy was assumed to be 5 eV for

both normal emission and a cosine distribution

!A(eV) Noimal Cosine

0 0.37 0.0067

-5 0.14 0.0098

-10 0.10 0.0109

=30 - 0.0151

~-180 - 0.0265
g
‘P
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VIIT COMPARISON OF RESULTS

An important phase of this program was the intercomparison
of the results from the pulsed measurtements, steady-state measure-
ments and DNA-sponsored computations of photoemission spectral
yields. The SKYNET experimental results are compared with the
steady-state results first, Then these are compared with the

computaltional values.

A. PULSED AND STEADY-STATE YIELDS

To compare the yields from the pulsed-radiation data with
the yields from the steady-state studies, the OWL I1' exploding-
wire spectrum was modeled by assuming 40% of the enerqy at 1.65
keV, 50% at 2.0 keV and 10% at 2.5 keV. 1he 1esulting values of

13

the primary and total yields, in units of 10 elections per

joule, are listed in Table 10.

Within the stated uncertainties, there was good agreement
between most of the primary-electron yields. The slightly lower
values for the pulsed x-1ay data may have been caused by space-
charge effects on the lowest energy electrons. Exceptions to the
good agreement were found for silver, copper and thick Kaptan.
The low values obtained from the samples of silver and copper
duting the SKYNET measurements may have been the result of con-
tamination; these materials were studied less than many others.
As fot the very large primary yield observed from the thick Kapton
during these pulsed x-ray experiments, there was no explanation
found. 1lhe extra elections appeated mostly at lower enerqgies,

as shown in Figure 26.




- Y WS

The total yield values from the pulsed and steady-state
measurements were also in good agreement considering the sensi-
tivity of secondary emission to surface composition. A surpris-
ing result was the large total yield from 7- m Kapton observed
during the SKYNET experiments using different samples mounted on
XRDs and in the PESS. This enhanced yield might have been caused

by a different distribution of aluminum on the surface.

The spectral yields of photoelectrons from aluminum and gold
measured during the pulsed-plasma experiments are consistent with
the spectra obtained during the steady-state studies. No attempt
was made to synthesize a spectral yield from the monochromatic-
x-ray spectral data, as was done in comparing the yields in
Table 10, since this would have required a substantial effort be-

yond the scope of the present program.

Table 10. Comparison of yields from pulsed measurements and
steady-state measurements. The steady-state values
were derived by modeling the plasma radiation as
40% at 1.65 keV, 50% at 2.0 keV and 10% at 2.5 keV.

Yields (1013 Electrons/Joule)

Primary Total
Steady Steady
Material Pulsed State Pulsed State
Aluminum 2.1 + 0.3 2.35 9.4 + 0.6 10.8
A1203 1.4 + 0.3 1.54 -- 8.2
Gold 3.2 + 0.4 3.45 7.5 + 0 11.6
Silver 2.1 + 0.3 2,73 -- 10.7
Copper 1.5 + 0.3 2.717 5.4 + 9.7"
Glass 1.1 + 0.3 1.04 2.4 + 5.3
Carbon (Aerodag) 0.30 + 0.1 0.39 1.4 + 0. 1.63
Mylar (6 m) 0.42 + 0.08 0.39 0.9 + 0.1 0.77
Kapton (7 m) 0.60 + 0.1 0.56 2.7 + 0.5 1.24

*Values derived from data obtained under an AFOSR Program.
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B. EXPERIMENTAL AND THEORETICAL YIELDS

As a camplement to this progtam, DNA sponsored theoretical
work at Science Applications, Incorporated, (SAI), Vienna,
Virginia, to develop a computer code for calculating spectral
yields generated by soft x 1ays. This code was used to compute
spectral yields from relevant materials using the OWL II' x-1ay
spectrum and at selected monochtomatic energies. Tlhe integrated
yvields of primary electtrons are compared with the corresponding

experimental values in Table 11.

for the most part, the computed values agreed reasonably well
with the measured values; the variations ranged from a few percent
up to a factor of two. The latgest discrepancies wete found for
silver and SiDz. The computed yields from gold appeat ta aqree
well with the steady-state measurements and disagree wilh the EWR
results, This might be explained by the nceqlect of sub-keV Avgern
electrons in the computations.

¥

In addition to the integrated yields, the spectra of emitted
electtons can be compared. For the exploding-wirte r1adiator spec-
trum, Strickland and Lin have, in references 1 and 2, compared
their computed spectral yields from Al, Auv, Ag and C with the
measured tresults given in Fiqures 25 and 26. lhere was nood
agreement for aluminum with the experimental spectium smoothed
by the instrumental broadening. In the case of gold, the compu-
ted primary yield was larger by 50% as given in lable 1l. 1lhis
increase in spectral yield was mostly between 1.5 and 2.1 keV when
the instrumental broadening was taken into account. As 1eflected
in the inteqrated yields given in Table 11, the computed spectial
yield from carbon was in good agreement with the measuired spectium,
while the silver spectrum was low by ahout a factor of two ovel

the entite enetqgy range.
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P
e labhle J1. Ratios of computed primary-election yields
~ (SAI) to measured values (ARACOR) for both
;' OWL II' exploding wite tadiator (EWR) and
;
7 monochtromatic X-rays,
% ] X-Ray Enerqy (keV)
¥ Material EWR 1.26 1.49 1.74 2.64 4.12 5.41
. 4
Aluminum 1.15 NA 0.74 1.10 1.30 NA 1.24
A1203 0.87 NA 0.79 1.03 1.04 NA 1.30
5i0, NA NA NA 0.57% 0.84* NA 0.67%
B Gold 1.52 0.94 NA 1.06 1.26 0.83 0.88
i Silver 0.63 NA 0.54 NA 0.45 0.73 0.81 :
1 Carbon 1.05 NA 0.86* NA NA NA 0.76"
i |
. NA = Not available
T *
| - Measured undet AFOSR Progriam
2
4
]
®

-

111 |




In the case of monochromatic x radiation, it turned out that
there were only a few common cases between the experimental and
theoretical spectral yields. One televant comparison between the
measured and computed 1esults is shown in fiqure 43 for aluminum
oxide irradiated at 5.41 keV. 1lhe experimental results are pre-
sented twice, once as given in Fiqute 40 and again with the in-
strumental broadening empirically unfclded from the data. These
experimental and theoretical spectia are in fair agreement, but
the computations qave morte photoemission in the 2 to 5 keV ranqge
and less in the 0.2 to 1.2 keV poittion., The spectial yield from
aluminum irradiated at 5.41 keV had similat variations beltween
the theoretical and measured results. Apparently the thin layer
of oxide on the suiface had only a slight effecl on the emission,

although the oxygen Auqer peak was observed.

For the cases of gold itradiated at 4.12 and 5.41 keV, the
computed spectral yields were 30 to 50% greater than the experi-
mental yields near the photo- and Auger-emission peaks. And, as
with aluminum, the spectra dropped off more trapidly at lower

energies. In addition, the computed spectra stopped at 0.5 keV

and thus missed Auger peaks of gold at lower energies.
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IX CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The overall goal of this progiam was to chatacterize x-ray-
generated photoelectron emission which is the driving term fox
SGEMP etfects. 1o accomplish this goal, instrumentation was de-
veloped and used for both pulsed and steady-state measurements.

A magnetic photoelectron spectiometer system, PESS, proved to be

a reliable instrument for determining the time-resolved energy
distributions and fluxes of ptimary elections generated by pulsed-
plasma x radiation. The total photoemission yield generated by 4
the pulsed tradiation was measurted using x-tay diodes. The primary- }
electron yields and secondaty-electron yields, generated by mono- '

chtromatic steady-state x radiation, wete accurately determined using

a retarding-potential spectiometer. The PESS was also modified to
obtain photoelectton spectral yields using the steady-state

x tadiation.

These insttuments were used Lo determine photoelection yields
and spectia from several materials rtelevant to SGEMP analyses and
typical of spacecraft surfaces., In addition to the numerous setries
of SKYNET measurements conducted on the PI OWL II' facility, the
PESS was also used on the higher-power DNA Backjack 4 facility at
Maxwell Laboratories, Incorporated (MLI). 1lhe tesults of these
measutemenls, that were done as a subtask to MLI as part of the
DNA Advanced Concepts Progiam, demonstiated the usefulness of the
PESS for measuring photoelection spectral fluxes genetated by highert -
energy x radiation in the 4-6 keV range. During SKYNET experiments
the PESS was shown to have a time-resolution capability of better
than 2 nanoseconds. A valuable byproduct of the pulsed measurements
was the demonstrated capability of the PESS to tesolve the lime

histories of radiation from different plasma states.
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The steady-state measurements provided a data base of photo-
emission yields from several relevant conducting and dielectric
materials at x-ray energies in the 1-6 keV range. Jo confitm
the accuracy and reliability of the PESS operation, the pulsed
x-ray results wete compared with these steady-state yield values,
Good agreement was found in the primary-yield r1esults for sev-
eral materials, including the conductors aluminum, gold and car-
bon, and the thin insulators A1203, glass, Mylar and Kapton.
Reasonably good aqreement was also obtained in lhe total-yield
values. the spectral yields from gold and aluminum, measured
using pulsed radiation, wete consistent with the steady-state

results at four different x-ray energies.

However, there were some important unresolved questions.
The primary-election yield from the thick Kapton, that was mea-
sured using the pulsed radiation, was twice as large as expected
and this extra emission was mainly at lower electron energies.
The primary-electron spectral yield from the 125-um-thick leflon
sample was about the same as from this thick Kapton. But there
are not yet any steady-state measurements on leflon for compar-
1son. Another unexplained result was the large secondary-
electron yield from the thin Kapton measured during the pulsed

experiments,

The overall results of this program indicate that the
photoemission characteristics of all relevant satellite mate-
rials should be measuted. The theoretical values of spectral
yields ate in reasonable agreement with the measured values;
the differences were no more than a factor of two for those
materials that could be compared. But, even though a computer
code can adequately predict the spectral yield of some common
materials, the sutface composition and behavior of other mater-
ials may be unknown to a substantial degree. 1his is patticu-
larly important with respect to dielectric materials and coat-

ings.
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Data that needs to be acquired and results that need re-

solving include the following.

1. Investigations of the substantial differences in pulsed
photoemission from the different thicknesses of Kapton.
It should be determined if the differences arose from
different material properties or from surface charging in

the experimental apparatus.

2. Steady-state measurements of primary-electron and
secondary-electron yields from the thick Teflon, thermal
white paint and solar-cell cover glass, all of which were

measured under pulsed illumination

3. Steady-state measurements of spectral yields from Kapton,
Mylar, Teflon, solar-cell cover qlass and carbon. The
spectral yield of carbon would extend the data base for
photoemission-computer-code development so that there was
a large energy range with no absorption edges. This
would also be a reference for comparing the photoemission

from the spacecraft dielectric materials.

The results of the measured photoemission currents from the
biased and unbiased photoemitter suygests this as a convenient
method to monitor both the primary and total electron yields gen-
erated by intense pulsed x radiation. This technique needs to be

refined and exploited during future SGEMP-effects programs.

The anomalies occuring during the pulsed irradiation of some
important dielectrics, such as Kapton, suggest that surface
charging and other effects could complicate the overall SGEMP
response of a spacecraft in other ways. For instance, the magni-
tude of secondary - electron emission from a dielectric can play
an important role in the initiation of surface breakdown across a

charqged dielectric. This can be determined by suitably-designed

experiments,
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